Abstract. The results of investigation of changes in electronic structure and magnetic properties of multilayer graphene nanoclusters (nanographites) occurring during their interaction with adsorbed chlorine molecules are presented. The found reversible decrease in the density of states of current carriers D(E F ) at the Fermi energy E F can be explained by the spin-splitting of edge π-electron states in nanographites induced by the enhancement of electron-electron interactions due to increase of the D(E F ) at partial transfer of the electron density from nanographites to chlorine adatoms. The revealed irreversible decrease in the concentration of localized spins indicates that the electron spins of 3p-orbitals of chlorine and unpaired (dundling) σ-orbitals of edge carbon atoms are coupled also at this interaction, i.e. the edge covalent compound of nanographite with chlorine forms. Character of changes in the spin-relaxation rate of π-electrons depending on the amount of adsorbed chlorine molecules and on temperature in chlorinated samples are also consistent with the above model of nanographite-chlorine interaction.
Introduction
The effect of the surface and edge atoms on electronic structure increases with decreasing size of particle and depends on the geometry of the peripheral atom positions [1] [2] [3] . According to both theoretical [4] [5] [6] and experimental studies [3, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] near the zigzag edges of honeycomb carbon structures the specific edge π-electron band forms ( Fig. 1 ), whose energy of peak in the electron density of states is only 25±5 meV below the Fermi energy [8, 9] . This band significantly modifies the properties of nanoscale carbon structures [3, 5] and may give rise to a number of interesting physical phenomena such as specific edge magnetism [18, 19] and edge state superconductivity [20] .
With the current trend in nanoscience and nanotechnology it is appealing to tune electronic and magnetic properties of carbon nanostructures via their chemical modification [1] [2] [3] . For example, it has been recently shown [11] [12] [13] [14] [15] [16] 21 ] that specific foreign chemical species attached to the edge unpaired carbon σ-bonds can affect the edge π-electron band and, consequently, electronic and/or magnetic properties of nanocarbons. It is surprising, however, that in the great majority of previous experimental reports on edges of carbon net authors did not focus enough attention on the experimental study of influence of adsorbed atoms and molecules on the structure of edge π-electron band. At the same time, it is obvious that this problem is important from both fundamental and practical points of view. This paper presents the results of investigations of changes in electronic structure and magnetic properties of multilayer graphene nanoclusters (nanographites) occurring in their interaction with chlorine molecules.
Fig. 1. The energy band structure E(k) and density of states D(E) of nanographene ribbon consisting of six zigzag
rows [5] .
Experiment
The graphite particles forming a disordered network in polyacrylonitrile-based activated carbon fibers (ACF) with specific surface area ≈2000 m 2 /g have been chosen as the object of this study. The average sizes and values of other structure parameters of graphite domains in ACF have been determined from the X-ray diffraction profiles obtained with "D8" diffractometer (Bruker, Germany) in Bragg-Brentano geometry with source CuK α (λ=0.15417 nm), from the Raman spectra obtained with confocal Raman spectrometer "Alpha 500" (WITec, Germany) with wavelength λ=531.8 nm and from the small angle X-ray scattering profiles obtained with "KRM-1" diffractometer (Russia) with source FeK α (λ=0.19373 nm).
The changes in electronic structure and magnetic properties of nanographites during their interaction with chlorine gas and on temperature in chlorinated samples have been studied by electron spin resonance (ESR) methods and static magnetic susceptibility measurements.
The data on magnetization and static magnetic susceptibility have been obtained using "MPMS-5S SQUID" magnetometer (Quantum Design, USA). Dependence of the magnetization on magnetic field was studied at 3 and 300 K; dependence of static magnetic susceptibility on temperature was measured in the range from 2 to 300 K at magnetic field of 1 T.
The ESR spectra have been acquired with "EMX-6/1" X-band spectrometer (Bruker, Germany). The integral intensities and g-factor values of the resonance signals were determined using the intensity and value g=2.002293±0.000003 of the conduction electron spin resonance (CESR) signal of lithium particles in reference sample Li:LiF, respectively, which are invariable in range from 2 to 400 K.
In the ESR experiments, samples have been placed in one-zone quartz reactor inserted into the resonance cavity of the spectrometer, which was evacuated before the measurements to ≈10 -6 Torr. The chlorine gas passed through magnesium perchlorate to remove water molecules before penetrating into reactor with the sample. The chlorine gas has been introduced into the reactor by several approximately equal portions. The ESR spectrum of the sample has been measured ≈5 min after introducing each portion of chlorine into reactor. (1, 2, 3, 4) and chlorinated (5, 6) 
Fig. 2. The ESR spectrum of ACF at 120 K (a) and temperature dependences of the widths ∆B of its components for the initial

samples (b). 1, 2 and 5 (3, 4 and 6) -the data for the broad (narrow) component of the ESR spectrum for the non-evacuated, evacuated and chlorinated samples, respectively. The arrows "e" and "s" on the left spectrum indicate the spin resonance on conduction electrons and on localized magnetic moments, respectively.
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Results and discussions
The data of X-ray diffraction, Raman spectroscopy and small angle X-ray scattering methods indicate [22] that the nanographites in studied ACF represent stacks of ≈3 nanographenes packed turbostratically with the interlayer distance (≈0.366 nm) being substantially greater than that in macroscopically ordered graphite (d c =0.335 nm). They are three-dimensionally disordered and separated from each other by nanoscale pores and/or sp 3 -carbon amorphous phase [22] . Regardless of vacuum degree the ESR spectrum of ACF consists of two superimposed signals (Fig. 2a) , which have different widths but the same value of g-factor (=2.0027±0.0001). With decreasing temperature, the integral intensity of narrow-spectrum component varies approximately according to the Curie law (Fig. 3) , while that of broad-spectrum component is invariable (the inset in Fig. 3 ). On this basis, the broad signal can be attributed to spin resonance on conduction electrons and the narrow one can be regarded as spin resonance on the localized magnetic moments. The integral intensity of the CESR signal is proportional to the density of states D(E F ) of current carriers at the Fermi energy E F [23] . According to the EPR and magnetic susceptibility data, in studied ACF, the D(E F ) in nanographites significantly exceeds the corresponding value in macroscopic regular graphite that is consistent with the existence of edge π-electron states in them [22] . At chlorination of ACF both components of the ESR spectrum transform (Fig. 2b) , but do not change their nature. This is evidenced by similar temperature dependences of the integral intensities of corresponding components of the ESR spectra of the initial and chlorinated samples (Fig. 3) . For the ACF saturated by chlorine the signal intensities for localized magnetic moments (Fig. 3) and conduction electrons (the inset in Fig. 3 ) are by ≈35% and ≈60% less than those for the initial sample, respectively.
During the saturation of ACF by chlorine, the spin relaxation rate (1/T 1 ) of current carriers, which is proportional to the width of the CESR signal (∆B), decreases (Fig. 4) , while the value of g-factor of conduction electrons increases (Fig. 4, inset) . At the same time, the width of the resonance on localized magnetic moments decreases only by ≈0.05 mT without changing the value of g-factor (Fig. 2b) .
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At cooling of chlorinated sample, the spin relaxation rate of current carriers increases by ≈55% from its value at room temperature (Fig. 2b) . The width of signal from the localized magnetic moments is temperature independent within the measurements error (Fig. 2b) .
Evacuation of chlorinated ACF leads to the increase of integral intensity of the CESR signal to its value in the original sample. However, complete restoration of the ESR spectrum occurs only in the evacuation carried out at T>425 K. This fact indicates the presence of halogen atoms covalently bonded with carbon atoms in chlorinated samples.
The temperature dependences of specific magnetic susceptibility for both initial and chlorinated ACF are qualitatively similar and well approximated by the sum of the paramagnetic and diamagnetic components:
where the Curie constant C = 1,3×10
-5 (1×10 -5 ) cm 3 ·K/g, the Curie temperature Θ = -0,9 (-1.2) K and the diamagnetic contribution to the susceptibility χ 0 = -6×10 -6 (-5.5×10 -6 ) cm 3 /g in initial (chlorinated) sample. In initial (chlorinated) sample the found value of C corresponds to the concentration of localized spins N s = 2,1×10 19 (1.6×10 19 ) spin/g or one localized spin per ≈2400 (3100) carbon atoms. The decrease N s in ≈30% during the chlorination of ACF correlates well with reduce in ESR signal intensity for localized spins (Fig. 3) and indicates the pairing of uncoupled spins of dangling σ-orbitals of edge carbon atoms with the spins of electrons in 3p-orbitals of chlorine atoms. In other words, the formation of edge covalent compounds of nanographites with chlorine occurs. However, the preservation of nature of broad component in the ESR spectrum at chlorination proves that the edge π-electron states are still present. The chlorine adatoms on graphene attract a portion of the electron density [24] . Therefore, the expected result of their interaction with nanographene stack (nanographite) is the enhancement of the D(E F ) (Fig. 5) , which contradicts the experimental data (the inset in Fig. 3 ). The reasons for that can be spin splitting of the edge π-electron states, induced by increasing of electron-electron interactions due to enhancement of the D(E F ) during the transfer of the part of electron density from nanographite to chlorine adatoms (Fig. 5) . Note that this point of view on the nature of considered
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phenomenon agrees with the recent results by scanning probe microscopy of the protonated and oxidized zigzag edges of honeycomb carbon networks [11] [12] [13] [14] . Symbate temperature changes of the CESR signal widths of chlorinated and initial (being in contact with atmosphere) ACF (Fig. 2b ) cannot be explained by the presence of residual oxygen molecules in the former, because up to ≈180 K its resonance signal is even somewhat narrower than that of the evacuated sample (Fig. 2b) . This result indicates the presence of spin relaxation channel for current carriers in chlorinated ACF, which is absent in evacuated samples. One can assume that it is the interaction of current carrier spins with edge spin-polarized (magnetically ordered) states.
Conclusions
The electronic structure near the Fermi level and the properties of nanoscale honeycomb carbon structures are strongly influenced by the edge π-electron states formed near zigzag parts of their edges. We have studied the influence of chlorine adatoms on the edge π-electron states in multilayer graphene nanoclusters (nanographites) -structural blocks of ACF, and have found that the values of the D(E F ) and spin relaxation rate of edge π-electrons for chlorinated samples differ significantly from the values of these parameters for initial nanographites. The reversible (with respect to the evacuation) decrease in the D(E F ) can be attributed to the spin splitting of edge π-electron states induced by enhancement of electron-electron interactions due to increase of the D(E F ) during partial transfer of the electron density from nanographites to the chlorine adatoms. The increase in the spin-relaxation rate of current carriers with decreasing the temperature of chlorinated sample is consistent with the above model of change in the D(E F ). The decrease in N s at chlorination of ACF is irreversible and indicates the pairing of uncoupled spins of dangling σ-orbitals of edge carbon atoms with the spins of electrons in 3p-orbitals of chlorine atoms that is the formation of edge covalent compound of nanographites with chlorine occurs. Solid State Phenomena Vol. 247
